Prostorno modeliranje radi opisivanja prostorne varijabilnosti fizikalnih svojstava tla u istočnoj Hrvatskoj Bogunović, I., Đekemati, I., Magdić, I., Vrbanić, M., Matošić, S., Mesić, M. 
INTRODUCTION
Soil physical properties are typically related to variability in crop yields and therefore important to monitor and model. One important property is soil compaction, characterized by reduction of macrospores, available water and thus productivity (Birkas et al., 2008) . Current intensive agricultural production practices often employ intensive tillage that use heavy machinery for tillage, planting, pest management and harvest which can lead to unfavourable physical soil conditions. Moreover, soil properties can vary from different tillage implements, factors such as depth and speed of tillage, as well as soil factors (e.g. water content, texture, residue cover etc.). Therefore, it is difficult to monitor and predict the soil conditions or/and compaction resulting from a given operation (Unger and Cassel, 1991) . Excluding management factors such as tillage and machinery traffic, soil physical characteristics showed spatial variability as a direct result from soil forming factors variations: climate, organisms, relief, parent material, and time (Jenny, 1994) . Thus, assessing the spatial variability of soil physical properties is crucial for efforts in transitioning to sustainable crop production as well as for intensive production. Precision agricultural practices or site specific management is aimed at managing soil spatial variability by applying inputs in accordance with the site-specific requirements of a specific soil and crop (Fraisse et al., 1999) . GIS, together with geostatistics, present powerful tool used for mapping and modelling soil properties. Mapping spatial distribution of soil variables is important to be able to understand how processes change in space and time (Pereira and Ubeda, 2010 but there is no specific interpolator that can provide an accurate prediction of soil properties. Therefore, the purpose of this study was to investigate statistical methods to describe observed spatial patterns of bulk density (BD), penetration resistance (PR) and gravimetric water content (GWC), according to tillage and spatial distribution patterns using several interpolation methods.
MATERIAL AND METHODS
The study was located near Vukovar (Eastern Croatia) at 45° 24' N, 18° 56' E. The climate is temperate continental with an annual precipitation average of 654±208 mm (2009 -2014) . The soil is classified as Chernozem by the Croatian classification (Škorić et al., 1985) . Based on its texture, the soil on the experimental field is a silty loam through the whole profile (Table 1) . Soil samples were collected on 17 March 2015 on soils ploughed in autumn. Undisturbed soil samples (metal cylinders with volume of 100 cm 3 ) were taken in a 25 x 25 m grid from 0 to 10 cm and 10 to 20 cm. At each soil layer 40 undisturbed soil samples were taken, 80 in total. The samples were oven dried at 105 °C for 48 h to determine GWC and BD following standard core method (Grossman and Reinsch, 2002) . At the same time when undisturbed samples were taken, PR was determined by an electronic hand-pushed cone penetrometer (Eijkelkamp Penetrologger, Netherland) with 1 cm 2 base area. At each sampling point, three penetration repetitions were made and presented as an average, 120 in total. PR data were grouped in soil layers 0-10 cm and 10-20 cm, respectively.
Statistical analyses of BD, PR and GWC include descriptive statistics such as mean, standard deviation (SD), coefficient of variation (CV%), minimum (Min), maximum (Max), skewness (skew) and kurtosis (kur) to analyze data distribution. Prior to modelling, normal distribution was assessed with Kolmogorov-Smirnov test (K-S). Comparisons among depths were analyzed with One-way ANOVA using the original data for GWC and BD, and log-transformed data for PR. Data were transformed for spatial modelling to minimize the effects of the outliers and back-transformed in order to observe spatial distribution of the real values.
Spatial patterns of soil physical properties were analyzed with the experimental semi-variogram modelling using the data developed to identify the spatial continuity of BD, PR and GWC among sampling points. Semi-variogram can be expressed as:
where γ(h) is the semi-variance at a given distance h; Z(xi) is the value of the variable Z at the xi location and N(h) is the number of pairs of sample points separated by the lag distance h. In the present study the omni-directional semi-variogram was assessed assuming that the variability of the variable is equal in all directions. The variable spatial dependency was calculated by the nugget/sill ratio (Chien et al., 1997) . Tested interpolation methods are a part of ArcGIS software and they are described in the literature (Pereira et al. 2010 ): local polynomial with the power of 1 and 2 (LP), radial basic functions -inverse multiquadratic (IMTQ), completely regularized spline (CRS), multiquadratic (MTQ), spline with tension (SPT) and thin plate spline (TPS) -and two geostatistical methods, ordinary kriging (OK) and simple kriging (SK). The cross-validation method is commonly used for comparing the interpolation methods. Cross- 
RESULTS AND DISCUSSION
In this study, BD and GWC data respected Gaussian distribution while PR respected normal distribution only after logarithm transformation. The results show significant differences in soil depth for GWC (F=19.55, P<0.0001) and PR (F=21.47, P<0.0001), while differences between depths for BD (F=0.02, P=0.9002) were not found. PR was significantly higher at 10-20 cm, yet GWC was significantly lower at 0-10 cm. BD values were 1.45 Mg m -3 at 0-10 cm and 1.46 Mg m -3 at 10-20 cm (Table 2) . Among the presented statistical data in Table 2 , CV value is the most discriminating factor for describing variability. A CV value lower than 10% indicates low variability while a CV value above 90% shows extensive variability (Zhang et al., 2007) .
Bulk density and GWC values at all depths had low variability, while the PR recorded moderate variability with CV from 30.0% at 0-10 cm to 33.3% at 10-20 cm. Both investigated depths for BD showed low spatial heterogeneity in contrast to PR. Bulk density can typically show a low spatial variability (Kılıç et al., 2004; Jabro et al., 2006; Barik et al., 2014) and normal distribution (Kılıç et al., 2004) . In contrast to BD, PR is a variable that is measured at one point and usually records high heterogeneity in space and time. PR is a variable that is highly dependent on BD, GWC, texture, structure and organic matter content (Cassel, 1982) , and therefore is more variable than BD which is mostly related to only soil porosity (Hamza and Anderson, 2005) . The PR values presented in this study, however, are different from the heterogeneity presented in papers by Barik The parameters for the variogram models are listed in Table 3 . Among other models, the exponential model gave the best fit for the experimental variograms calculated for GWC, BD 0-10 cm and PR 10-20 cm. Gaussian model was best for BD 10-20 cm whereas Spherical was for PR 0-10 cm. Nugget effect was not recorded for BD 0-10 cm and PR 0-10 cm, while the recorded nugget for BD 10-20 cm and PR 10-20 cm was 0.001 and 0.007, respectively. GWC recorded higher nugget values with 0.068 and 2.255 depending on the depth. Compared to sill, small nugget values at depth 0-10 cm in all studied variables indicate that sampling errors are negligible. Usually, the nugget effect occurs as a consequence of limited samples, small-scale variance and the existence of outliers (McGrath and Zhang, 2003) . Ranges of variogram models for all investigated parameters were much wider than the sampling interval of 25 m. By the geostatistical theory, this sampling design is sufficient for the investigation of spatial dependence and distribution of investigated parameters in the investigated soil. Therefore, the number of samples was representative of the studied plot and nugget effect can be attributed to the small-scale variance observed in some areas of the plot in the study sampling density. BD 0-10 cm, GWC 0-10 cm and PR 0-10 cm variable with nugget/sill ratio of 0.0, 1.4 and 0.0, respectively, showed strong spatial dependence, while PR 10-20 cm and BD 10-20 cm with a 38.8 and 74.4 nugget/sill ratio showed moderate spatial dependence. The nugget/sill ratio (84.3) showed that GWC 10-20 cm had a weak spatial dependence.
The results of the tested interpolation methods for all parameters are shown in Table 4 . The test of the different interpolation methods provides an accurate insight in the spatial distribution of BD, PR, and GWC on silty loam soil. MTQ method was the most accurate for interpolating the GWC 0-10 cm (RMSE, 1.4091) and the least precise method was LP1 (RMSE, 1.7741). The most precise method for GWC 10-20 cm was SK (RMSE 1.5553) and the least accurate method was TPS (RMSE 2.1206). IMTQ proved to be the most accurate method for BD 0-10 cm (RMSE 0.0625) and the least precise method was TPS (RMSE, 0.0722), while for BD 10-20 cm the most accurate method was IMTQ (RMSE, 0.0298) and the least precise method was LP1 (RMSE, 0.0401). On the contrary, LP1 method was the most accurate for PR at both depths (RMSE, 0.0992 at 0-10 cm and 0.2317 at 10-20 cm). Visualizations of most accurate techniques are depicted in Figure 1 .
The interpolation comparisons and the most precise model identified describe more precisely the spatial variability of BD, PR and GWC. Normally, accuracy of mapping depends on number of samples, the distance between sampling locations and the choice of interpolation method (Kravchenko, 2003) . The tested methods showed that the ME was very close to 0 in all parameters (according to Pereira et al., 2013a) suggesting that predictions are unbiased. Also, there is a very small difference between observed and predicted values on the all investigated parameters. According the small RMSE and ME we can conclude that the predictions do not deviate much from the measured values. Generally, a larger number of samples will produce more accurate spatial map (Mueller et al., 2001 ) and the results are likely a consequence of sufficient number of samples in this study confirmed by the corresponding parameters of the best-fitted variogram models. 
CONCLUSION
This study shows that BD and PR were favorable for crop production in the sampling time. Variability of GWC and BD were much lower compared to higher heterogeneity of PR at all depths. At depth 0-10 cm, BD and PR recorded lower variability compared to 10-20 cm depth. These are directly affected climatic conditions on the different soil layers which led to the settling of the soil surface, causing a greater homogenization of the BD and PR. The range of values for the investigated properties were generally greater than 68 m, which according to Kerry and Oliver (2004) indicates that future sampling intervals could be at distance of 34 m. All the investigated properties at 0-10 cm showed strong spatial dependence, while 10-20 cm showed moderate to weak spatial dependence. Interpolation comparisons demonstrated that no interpolator could be chosen as the best one for mapping soil properties. It is necessary, therefore, to use geostatistical models in order to provide the most accurate information for site specific management.
